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INTRODUCTION

Numerous small homogeneous earthfill dams, up to approximately 100 ft in
height, have failedor are subject to possible failure from overtopping because
of inadequate spillways (12,17). Such failures may cause considerable property
damage and even the loss of life. Middlebrooks (12) states that prior to 1950
approximately 220 earth dams in the United States had failed; 30 % of the
failures were attributed to overtopping. InMissouri, during the last 10 yr, there
have been 17 failures of earth dams and, of these, 10 were due to inadequate
spillways, or over-topping; or both. Also, the Missouri Geological Survey (17)
considers 39 dams to be potential failures of which 24 are so classified be-
cause of inadequate spillways. The inadequate spillways prevalent on many
dams generally are due to the lack of engineering consultation during design
and construction. As some states are lacking a code for the design of small
dams, this paper is directed toward the problem of improving the safety of
future dams in those states without requiring the builders to incur engineering
costs or the alternate expense of providing over-sized spillway structures.

A conceptual method of alleviating downstream damages from smallbreached
earthfill dams which receive little or no engineering design is to provide a
relatively thin erosion retarding layer at an optimal elevation during the con-
struction of the dam. Thus, in the event of an overtopping of the dam, the re-
sulting breach would not develop continuously but would be delayed by the
proposed erosion retarding layer. Such a controlled breach would produce two
flood waves, each having a reduced amplitude compared to the single flood
wave produced by a breach of an earth dam without a retarding layer. Con-
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sequently, some measure of reduction in downstream damages would be
obtained.

The hydraulic characteristic of transient reservoir flow resulting from
gradually breached earthfill dams are investigated herein to ascertain the
potential of the erosion retarding layer for reducing the flood produced by a
gradually breached earthfilldam. Simplifications of the geometric and dynamic
aspects of the phenomenon are made inorder todevelopa generalized numerical
simulation model of the transient reservoir flow produced by a breached dam.
A general model is sought so that the flood reduction benefits of an erosion
retarding layer canbe assessed in an overall manner rather than be restricted
to a limited number of particular prototypes. Thus, the numerical model is
used to determine the expected reduction in outflow due to a single retarding
layer for several pertinent geonetric, dynamic, and hydraulic parameters.
Also, the elevation of the retarding layer is optimized so that the maximum
possible outflow from a gradually breached dam is minimized.

THEORY

St. Venant Differential Equations.~The basis for formulating a numerical
simulation model of the unsteady reservoir flow due to a gradually breached
dam is the one-dimensional differcntial equations of gradually varied, unsteady
channel {low. These equations are attributed to A.J.C. Barre’de Saint-Venant
and are known as the St. Venanl equations. Their derivation is reviewed in
several references (4,13,15) and is simply stated herein as

ay dy 8y _

8—1+D5;+v—8;—0...... .......... ............(1)
8y 8v ay _
F’—+v8—x+g5;+g(sf-so)-0 ...... o e e e e s e .....(2)

in which y = depth of flow in the channel; v = average velocity across a sec-
tion of channel; D = hydraulic mean depth which is equivalent to A/T; T =
width of the free water surface; A = cross-sectional area; £ = acceleration
due to gravity, x = distance along the channel; / = time;and S, = slope of
the reservoir bottom. The friction slope, Sy, is given by Manning’s equation
for steady uniform flow, Thus

nlviv

Sf=H1—R17, ................................-..(3)

in which n = the Manning coefficient and the hydraulic radius R = A/P.

The St. Venant equations are derived from the principles of conservation
of mass and momentum, Eq. 1 i{s known as the equation of continuity and con-
serves the mass of the transient flow. Eq. 2 models the dynamics of the transient
flow; it is known as the equation of motion and conserves the momentum of
the flow, v

Reservoir Geometry.—The reservoir cross section is assumed trapezoidal
with side slopes of I: vertical to z: horizontal, as shown {n Fig, 1. Only the
prismatic portion of the idealized reservoir shown in Fig. 2 is considered to
contribute to the outflow released by a breached dam. The storage in the upper
reaches of the reservoir provides little contribution to the outflow because
accumulated sedimentdeposits often reduce this storage toa negligible quantity,
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Thus, the upstream boundary is located at the upper end of the prismatic
reservoir, a distance, L, from the downstream boundary.

The reservolr bottom slope, S,, 18 constant and defined as
cee.. (4
in which n = the heightof thedam and L' = the distance from the downstream
boundary to the intersection with the reservoir bottom of a horizontal line drawn

FIG. 1.—RESERVOIR CROSS SECTION WITH EARTHFILL DAM
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FIG. 2.—IDEALIZED RESERVOIR
from the top of the dam, as shown in Fig. 2. In this investigation, L 18 defined

as (5)
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hich K, = a constant. _
" vIIJr;:ach‘Gec.mwb'y and Dynamics.—The breach is assumed to commence

forming at the instant the maximum capacity, @, of the emergency or principal
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spillway or both, is exceeded and the dam is overtopped. Referring to Fig, 1,
the spillway is located at an elevation, 75 sp» and the breach forms a V where
the acute central angle, ¢, of the V-breach remains constant throughout its
formation, This breach geometry is assumed to approximate that caused by
the overtopping of a homogeneous earthfill dam (17).

The breach forms at a rate denoted by A, which is In feet per second, and
is defined as the vertical distance traversed by the bottom point of the V-
breach during an increment of time. Two basic types of failure rates, A, are
investigated herein. The first type is

A=2de L., cevaean et e R (]

in which A, = the constant for a particular interval of time during the fallure
or for a particular spanof verticaldistance within the dam; A may be expressed
as a step-function of either time or elevation. For the other type of failure
rate, A = an exponential function of the head of the V-breach, in which the
head is defined as (y; - 9,). Thus

A=exp [Ke (pg=md] =1 oo, (7
in which K, = In (1 +2p) e R (8)
Ydm

and y; = the transient reservoir depth at the downstream boundary; 7, = the
elevation of the bottom of the V-breach; and A and yq, are, respectively,
the maximum failure rate and reservoir depth at the downstream boundary
when 7, = 0. When the bottom point of the V-breach is In contact with the
erosion retarding layer, the failure rate is significantly reduced to a value of
AK), where K, is a constant greater than unity. The top of the erosion re-
tarding layer is denoted as 1y, the bottom as Mip, and the thickness as 7.

NUMERICAL SIMULATION MODEL

Dimensional and Geometrical Considerations.~The St. Venant equations
are nondimensionalized herein by defining the following dimensionless variables

y#:%,v=§-,xt=;}’—,t*=-’—£—u -...---.-'....-...(9)
n o
=D o le* = 2c,9* + ¢,9%9)
D* 5— (C'-C)(C-2c 420)’6 ..... L (10)
n 1 2 1 2 2
re = B _ (o - 26 + ), 9% - 26,9* + c,9%%) (11)
Rn (C‘ - (‘2)(‘-1 - 2": + C,y‘) s e e e 0 0

tnwhich ¢, = 36, = 2n; and ¢, = 29 VI ..., ceeeea. (12)

and 7 = the ratio of the reservoir top width T to the reservoir length, L. The
7 subscript indicates that the subscripted variable is evaluated at the down~
streamboundary whent = 0, 5, = n, The * superscript is used herein to de-
note a variable as being dimensiouless.

Substitution of Eq. 3 along with the preceding dimensionless variables into
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Eqs. 1 and 2, taking care to properly express the partial derivatives, yields
the following dimensionless form of the St. Venant equations o

By* dy* ay* 13
3%'-,;+K1D"'-§;;+v*-5;;=0 ...... e i (13)
By* dy* By * K, lv*| v* - .. (4
m-’-l}"wi‘x’w'}—lﬁu—— K,-O........ ()
in which K,=(—‘:'Lc;£t!. ..... e, ceeieeae.. (1)

1

- L —L(——z—,—a-“‘zc”)]"’ Y ¢ )
K,—2.2 [ c, - ¢ “ e
S ESltle -Gl . )
Kc Q-% .
Also, the following dimensionless variables are utilized within the model
x*-;%i;(c‘-c,),Q;=g:,'Q"=%ﬁ ...... e, (19)

« 1 * 1
n§p=ﬂn“’.ﬂ%‘%.ﬂft“ﬂ#,ﬂlb=—,‘,"-ﬂtd —#,,,,(20)

The u and d subscripts refer to the upstream and downstream boundaries,
respectively,

',I)‘he for!golng normalizing procedure allows y* and 7} to take on values
from unity to zero and v* and Q* to assume values relative to an {nitial con-
dition of unity. Also, this procedure allows the initial flow, @,, to be expressed
interms of the dimensionless failure rate, A*, This normalizing procedure is
utilized for convenience in the presentation of resuits.

Numerical Solution of St. Venani Equations.—The St, Venant equations defy
a closed-form solution; however, they may be solved by numerical techniques
such as the explicit method (7,8,14,15), the implicit method (1,3,10,14), and the
method of characteristics with a characteristic network (2,9,11,16) and a rec-
tangular network (3,11,14,16), Each of the techniques offer particular advantages
and disadvantages, The method of characteristics witha characteristic network
is used herein because of its inherent numerical stability, convergence, and
the ease with which boundary conditions may be introduced into the solution
procedure. Also, the prismatic geometry of the idealized reservoir and the
desirability of obtaining solutions at only the upstream and downstream bound-
aries lend to the selection of the method of characteristics.

Characteristic Equations.—In the method of characteristics (3,11,18), the
two St. Venant partial differential equations are converted into four ordinary
differential equations, called characteristic equations, which may be numeri-
cally integrated subject to specified initial and boundary conditions, Using the
method of characteristics, Eqs. 13 and 14 are converted into the following
dimensionless characteristic equations
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du* K, \Y2 dy*  K,|v*|v*

’dt*'(.’m%:) arv t Tges— - K=0,C- ..., - @)
37‘: = o* - (K, K, D)2 C-,,,. ... e, (22)
dv* K, \¥2 dy* K |v*|jy*

—— — —— - =

s +(K1D*) ars +—‘Rj(17!-—- K‘ O,C-O' ...... v e e 0 (23)

*
*“Zf* =v*+ (KK,DW2 C+...... e (29)

Egs, 21 and 22 are associated with the C - characteristic curves in the
x* - {* golution plane, shown in Fig. 3; Eqs. 23 and 24 are assoclated with

] /—Up-mam Boundary Oownstream Boundary \ﬁ

R - o

FIG. 3.~x* - {* PLANE WITH CHARACTERISTIC NETWORK

the C + characteristic curves. Eqs, 21 and 23 are valid only along the curves
defined by the dx*/d!* expressions, Eqs. 22 and 24. All four equations are
validatintersection points, suchas p, in the x* - ¢* plane. Thus, if the values
of x*, t* y* and v* are known at points, 1 and r, a numerical integration of
the equations will produce the values of x*, 1%, y* and v* at point p. In this
way, the values associated with all intersection points in the x* - {* plane
are determined sequentially from left to right while progressing upward in the
{ *-direction,

The numerical integration of Egs, 21-24 may be accomplished by various
finite-difference approximations with different orders of accuracy (11). It was
found that a first-order approximation provided sufficient accuracy since the
variations of v* and y* with x* and {* are relatively small for a flow produced
by a gradual breach. The detuils of the numerical integration are presented
elsewhere (8).

Initial Condilions.—The conditionof the flow in the reservoir must be known
for solutions to be obtained fromn the characteristic equations. In this Investi-
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gation, the initial condition {s a steady, gradually varied flow. A step computa-
tion (5,6) commencing with the depth in the vicinity of the dam and progressing
upstream enables the initial depths and velocities to be computed at finite
points along the reservoir,

Upstream Boundary Condition.—The V-breach 1s assumed to occur during
a short duration of time relative to the time base of the reservoir inflow
hydrograph. The inflow occurs only at the upper reach of the idealized reser-
voir such that the reservoir is not subjected to any lateral inflow. Thus, the
inflow to the reservoir may be considered relatively constant throughout the
formation of the breach, and the upstream boundary condition i8 expressed in
dimensionless form as a constant inflow

Qr,=%;=1.... ..... e (28)

Thus, from continuity considerations

- Q% (¢, - ¢,) ”
B CXT -uﬁc:yﬁ +zc,y5‘) .... (28)

*
Uy

Downstream Boundary Condition.—The downstream boundary condition is
givenby stage-discharge relationships for the spillway and the V-breach. The
elevation of the spillway crest n§p I8 constant, however, the elevation of the
bottom of the V-breach n} is a function of ¢4, 0}y, nfy, and A*. The following
step-functions express this variation of n§. If n%, = nf‘, then

o= o - A (3 -18) ... ... .. e . (27)

. A* 1Yy - (0%, - nf)
however, if n§ < nf;, then 0% = nf; - ,((11 1 R ¢-1:)]

A¥ *
¥ nfy = 1, < nf;, then n’,",=nf,°-k—>-‘ (3 -135) vovenenn. .. (29)

however, if 13 < nfy, then n} = nfy - A* t3 - Kx(nt, - 1)) .... (30)
Hosnhy <np then 75 = 08y = A* (U5 = 130) vovevnennn... (31)

however, it n <o, then 95 =0 ., ............c0e.vurn... (32

The second subscript, o, indicates that the subscripted variable is the pre-
viously computed boundary point as shown in Fig. 8,

The velocity at the downstream boundary is expressed in terms of the
discharges of the spillway and the V-breach and the reservoir cross~section:

g = [l = o 4 K003 - a5 (- o)
(e,y3 - 26,93 + ¢393)

Inwhich K' = 14 98 > Mgpevuunennunnnnnnennnnnnnnnnn.. (39
and K' = 04 93 < Mp veeverrrnnnnnennnneenennnnee... (35)

/2
andx.-f%;—"—- (36)
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c /2
ko= bl e
C,=428c,tan $ L. @)

cs,=5.3ecs,Ls,=Wr’-"g)-g;)],,,.......;........... (39)

Term C,, the coefficient of discharge for the V-shaped breach, incorporates
the effects of breach geometryand flow resistance. Term Cgsp is the discharge

L
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FIG., 5.~RELATIONSHIP BETWEEN
QRmax AND 1,0, FOR VARIOUS
VALUE OF A* AND L = 10,000 FT
(3,048 M), 7 =10, A, = 0.01 FPS

FIG. 4.~RELATIONSHIP BETWEEN
Q@Rmax AND 7,0, FOR VARIOUS
VALUES OF A% AND L = 10,000 FT
(3,048 M), v = 10, A, = 0.1 FPS
(0.03 M/8) (0.003 M/S)

coelficient for the rectangular-shaped spillway. Of course, these would differ
from Eqs. 38 and 39 if the openings have shapes other than the assumed V shape
and rectangle, respectively. ,

Optimization of Retarding Layer Location.~In the case of an earthen dam
thatdoes nothavean erosion retarding layer, the maximum possible reservoir
release, QJ,, p» due to a gradual breachoccurs at u},, p which may be at any
elevation within the dam; this elevation depends upon the magnitude of the
reservoir surface area, bottom slope, failure rate A, and C,. When Qf,,, oc-
curs, the two factors controlling the rate of discharge through the breach,
namely, the head (y§ - n}) on the breach and the flow area of tlu; breach must
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assume their maximum simultaneous values. Thereafter and until practically
all of the reservoir storage is released, the reservoir surface level, y}, de-
creases because the reservoir outflow, @¥, exceeds the reservoir inflow, Q.

The optimum elevation, ﬂf:op, of the retarding layer is defined herein as
that elevation which minimizes the maximum reservoir outflow, QJ,,. Thus,
by optimally positioning the retarding layer, a maximum reduction in Qﬁmp is
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FIG, 6,—RELATIONSHIP BETWEEN FIG. 7.~RELATIONSHIP BETWEEN
QRmax AND nli0p FOR VARIOUS QRmax AND 7f,0, FOR VARIOUS
VALUES OF A* Al‘D L = 10,000 FT VALUES OF A* AND L = 2,000 FT
(3,048 M), 7 = 10, A, = 0.005 FPS - (610 m), 7 = 4, A\, = 0.1 FPS (0,03
(0.0015 M/8) M/S)

achieved, The reduction is denoted as QR and defined as

- Q%) 100
Qdmp

Because @R is a function of nf,, an iterative procedure is utmzed‘ to de-
termine nj;o, withinanacceptable accuracy. The function, QR = QR(n}y), was
investigated for a varlety of reservoir parameters (L, 1, @,, A, etc.) and was
found to contain only one maximum value, Thus, the difficulties encountered
in the iterative search for nj;g, were minimal,

Using an Incremental increase 0nj;, @R} is computed for each n}‘,k position

of the retarding layer until @R,, 18 greater than QR,. When this occurs,
QR max and the corresponding nj;pp exists for a value of nf; less than nf,k .

+3
Then QR , and QRy., are computed, and the finallocation of QRmax i3 easily

O ¢ (1)]

OR = (@
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obtained graphically by extending smooth curves through all the computed
points (QR, nf,k).

NUMERICAL RESULTS

Retarding Layer: Optimal Location and Reduction in Outflow.—~Upon apply-
ing the numerical simulation model to a range of reservoir sizes, dam heights,
initial flowrates, anddamfailure rates, prediction curves are obtained for the
dimensionless optimal elevation, nf,op, of the erosion retarding layer and the

[
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FIG. 8.~RELATIONSHIP BETWEEN QR max
AND 110, FOR VARIOUS VALUES OF A+
AND L ='2,000 FT (610 M), 7= 4, A, =
0.01 FPS (0.003 M/S)

FIG. 9.—~RELATIONSHIP BETWEEN
@R max AND nf,0, FOR VARIOUS
VALUES OF A* AND I = 2,000 FT
(610 M), 7 =4, a, = 0,005 FPS
(0.0015 M/3)

extent of its reduction QR in the reservoir outflow. The results are func-
tions of the parameters used herein to describe the transient hydraulics
associated with the gradual V-breach of an earthfill dam. These parameters
consist of the following: geometric parameters (L, K, 1,1, Nsp, and ma);
hydraulic parameters (Q,, », C,); and dynamic parameters (A and X,).

The values of n[,op and @/t \nqx are expressedas functions of the dimension-
less failure rate A*, as defined by Eq. 19, and for specific values of L, 1, A,
7, and K,. The prediction curves for nf,o,, and QR may are applicable for the
fixed parameters, K, = 1.2, = 2, sp = 0.95, nly = 0.02, n = 0.03, and C,
= 2.2. The sensitivity of the prediction curves to varlat!?na in these fixed

L R sl

L
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parameters {s examined in a following section.

Prediction curves for ﬂftop and @R,y are shown in Figs. 4-9 for specific
values of L, 7, K), and X.. The following example illustrates the use of the
prediction curves,

When @, = 2,000 cfs (56,62 m3/s), L = 10,000 ft (3048 m), n = 100 ft
(30.48 m), A, = 0.01 fps (0.003 m/s), T = 10, Ky = 100, K, =120,z = 2,
N5y = 0.95,nfy = 0.02,n = 0.03,and C,, = 2,2, the optimum elevation hop of
an erosion retarding layer and the corresponding reduction QR pyax in the

- s
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FIG, 10.—RELATIONSHIP BETWEEN QR max AND 10, FOR VARIOUS VALUES OF A*
AND L = 10,000 FT (3,048 M), 7 = 10, A, = 0.1 FPS (0.03 M/5), yg,, = 0.97, n = 50
FT (15.24 M), yg, = 0.91, n = 100 FT (30.48 M), AND A IS AN EXPONENTIAL
FUNCTION

maximum possible reservoir release may be obtained from Fig. 5, First, A* i
computed from Eq. 19, 1.e.,A* = [(10,000)(0.01)/2,000] [(10,000/10) - 2(100)] =
40. Thena line is extended vertically from the abscissa at A* = 40 to intersect
the curves pertaining to K, = 100 and n = 100 ft (30.48 m) as shown in Fig. 5,
Finally, the values of nf,op and QR max are obtained by extending lines hori-
Zontally until they intersect the appropriate ordinate axis, and 'Irtop and
Q@R max are read as 0.46 and 46.8 ‘B, respectively,
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Upon examining Figs, 4-9, it is evident that nf,o, significantly varies
directly with n and K and inversely with L and A, Also, in all except Fig. 4,
nfi0p varies directly with A*,

Lfthe failure rate, A, isvery small or L i{s small, or both, e.g., L = 2,000
ft (610 m), the reservoir depth as determined by the numerical model recedes
atanincreasing rateas the V-breach forms, Under this condition, the maximum
possible reservoir release, @J,, p» occurs when the rate at which the depth is
receding exceeds the failure rate A, i.e. Q} p occurs considerably before
thebreach achieves its maximum size, Thus, nj;p, may assume values in the

80} 60
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. o Yuop
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FIG. 11.~RELATIONSHIP BETWEEN QR max AND 1,0, FOR VARIOUS VALUES OF A*
AND L = 10,000 FT (3,048 M), 7 = 10, A,,, = 0.01 FPS (0.003 M/5), y4,y = 0.90, 7 =
50 FT (15.24 M), yg,, = 0.58, 7 = 100 FT (30.48 M), AND A I3 AN EXPONENTIAL

FUNCTION

range of 0,60 to 0,75. Under this same condition of small values of A, or L,
or both, the elevation of the erosion retarding layer is critical because it is
possible for the layer, if incorrectly positioned above n:‘,m,, to cause QF,, to
exceed QF p.

In Figs. 4-9, QR max assumes values in the range of 10 % of 65 %, This
indicates that significant reductions in the maximum reservoir release from
gradually breached dams wmay be achieved by the presence of an erosion re-
tarding layer which is optin.ully located. The extent of the reduction, @R max,
isprimarily related directly to the resistance of the layer t9 erosion, i.e,, K,,
and to \*, /
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Prediction curves for nf,p, and QR max are shown in Figs. 10 and 11 for
specific values of L, 7, 7, K), A,,, and y;,,,. In these, X is assumed to be an
exponential failure rate as described by Eq. 7. The prediction curves in Figs.
10 and 11 are similar to those in Figs, 4 and 5, respectively. The exponential
fallure rate produced values of ’ﬂtop and QR max which are approximately
10 % greater than those computed for a constant failure rate. In Figs. 10 and
11, @R max assumes values in the range of 10 % to 75 %.

TABLE 1.—SENSITIVITY OF 1f;0p AND QR max TO VARIATIONS IN X,, nfs, n%,, 2,
7, Cy, AND n FOR L = 10,000 FT (3,048 M), 7 = 10, A, = 0.01 FPS (0.003 M/S

. Average Percentage Average Percentage
Fixed Variation in nf;o, Variation in QRmax
variable Value K
n = 501t n = 100 1t n = 50 ft n = 100 ft
(15.24 m) (30.48 m) {15.24 m) {30.48 m)
(1) (2) (3) 4) (5) () ()]
K, 1.1 100 -12.4 +0.1 +14,0 +8.5
1.3 100 +1.3 +0.2 -2,1 +8.3
1.1 500 +1.9 +12.9 +10,0 +2.5
1.3 §00 +5.3 -1.5 -2.8 +2.3
nly 0.01 100 -28.8 -1.9 -10.7 -4.2
0.05 100 +18.5 +8.0 +11.3 ' +17.3
0.01 600 -6.7 -1.5 +1.8 +5.0
0.05 500 +2,6 +0.9 +6.0 +15.6
11;, 0.900 100 -6.5 +0.5 +1.5 +4.2
0.875 100 -14.0 +3.8 +14.5 +6.3
0.900 500 +18.0 -10.5 +11.5 +3.4
0.9756 500 +2.1 +18.2 +2.9 +3.5
z 0.0 100 -11.6 -5.4 -5.8 +13.6
4.0 100 -5.8 +18.0 +1.8 +6.2
0.0 500 -1.2 -2.8 -1.2 +9.8
4.0 800 +4.8 +0.5 +13.3 -2.8
L] 0.02 100 -1.3 +1.8 +3.4 +6.1
0.06 100 -5, +1.9 +18.0 +2.4
0.02 600 +1.0 +1.1 +4.1 +5.0
0.06 500 +1.4 +4.0 +11.9 +5.3
4 5.0 100 -20.0 -16.6 ~17.0 +37.6
6.0 600 +17.2 -1.0 -14.4 +38.1
C, 1.0 100 -25.5 -24.0 -31.3 +21.1
1.0 500 5.5 -36.3 -12.2 +13.3

Sensitivity lo Variations in Fixed Parameters.~The sensitivity ﬂfmp and
QR max to variations in the values of the fixed parameters ts shown in Table 1.

Sensitivity tests indicate that variations in the 7 ratio of the width to the
length of the prismatic reservoir, and the C, coefficient of discharge of the
V-breach significantly effect the optimal elevation of the retarding layer and
the extent of reduction in outflow due to the layer. Variations in the dimension-
less thickness, 1}y, of the retarding layer produce some significant changes in
nli0p and QR 4k a8 0 and K, assume smaller values, However, variations in
the X, ratioof the total length, L', of the reservoir to length L of the prismatic
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portion of the reservoir, dimensionless elevation n¢p of the spillway crest,
side slope z of the trapezoidal reservoir cross section, and Manning roughness
coefficient n produce relatively small changes in ’ﬂtop and QR ax.

SUMMARY AND CONCLUSIONS

A conceptual method to reduce flood wave peaks due to overtopping failures
of small homogeneous earthfill dams has been introduced. A mathematical
modelbased on a numerical solution of the St. Venant unsteady flow equations
is presented for predicting the transient reservoir flow produced by the gradual
breach of an earthfill dam.

The extent of reduction in the reservoir outflow from a breached dam due
to the presence of a hypothelical erosion retarding layer is presented, along
with the optimal elevation of the retarding layer, for a wide range of pertinent
geometric, hydraulic, and dynamic parameters. The extent of reduction QR ax
in the maximum outflow if primarily related directly to the K ratio of the
failure rate of the earthfill dam to the failure rate of the erosion retarding
layer and to the dimensionless failure rate, A*, This reduction can be as sig-
nificant as 75 %. The dimensionless optimal elevatfon, nf,o,, which minimizes
the maximum reservoir outflow due to the breach, is related directly to height
n of the dam, K),and A\* and inversely to length L of the prismatic reservoir
and to failure rate A, It is concluded that significant reductions in reservoir
releases from breached earthfill dams may be achieved by incorporating an
erosion retarding layer within thedam during its construction. Further studies
are needed to determine the economic and engineering feasibility of the erosion
retarding layer concept and to develop easily applied retarding layer design
criteria.
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APPENDIX I.-NOTATION

The following symbols are used in this paper:

A = area of channel (reservoir) cross section;
Csp, Cy = constants defined by Egs. 38 and 39, respectively;
C +, C - = positive and negative characteristics, respectively;
Csps €y = discharge coefficients for broad crested rectangular
v and V-shaped weirs, respectively;
€1s €3, €y = constants defined by Eq, 12;

L

hydraulic mean depth;
subscripts denoting intersection points {n x* . (=
plane;
& = acceleration due to gravity;
K = ratioof failure rate of earthfill dam to failure rate of
. erosion retarding layer; ‘
Ky, K,, K,, K,, K,, K, = ;:lonslta.nts defined by Egs. 15-18, 36 and 37, respec-
vely;

d,do, k, 1, p, u, uo

L = length of prismatic section of reservoir;

L' = length of determining S,, and defined by Eq. §;
Lsp = length of eémergency spillway crest;

# = Manning’s roughness coefficient;

Qs = flow rate at downstream boundary (reservotroutflow);
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maximum flow rate at downstream boundary;
maximum possible flow rate atdownstream boundary;
Initial steady flow rate in reservoir;

percentage reduction in Q,,, p and defined by Eq. 40;
maximum value of QR;

hydraulic radius;

friction slope, slope of energy gradient, defined by Eq.
3;

bottom slope of reservoir and defined by Eq. 4;

top width of free surface of channel (reservoir):
time;

average velocity in channel (reservoir);

average velocityat downstream boundary when ¢ = 0;
distance along channel (reservoir);

depth of flow in channel (reservoir);

depth of flow at downstream boundary;

side slope of reservoir cross section;

incremental increase in nf};

elevation of top of dam, with data line at bottom of dam;
elevation of bottom of erosion retarding layer;
thickness of erosion retarding layer;

elevation of top of erosion retarding layer;

optimal elevation of top of erosion retarding layer;
elevation of emergency spillway crest;

elevation of bottom of V-breach when ¢ = ta;

angle of inclination of channel bottom with horizontal;
failure rate of dam, rate of formation of V-breach;
constantfailure rate during a specified period of time
or Interval of elevation, 0,,;

estimated maximum failure rate when Ny = Nymp;
ratio of initial top width to reservoir length L;

acute central angle of V-breach; and

superscript denoting a dimensionless variable.

.
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ABSTRACT: A conceptual method to alleviste flood demages due 1o overtopping
ration of & relatively thin erosion
retarding lnrcr within the dam. This Paper investigaics the potentis! reduction in the

case due o the proposed crosion retarding layer. The paper provides a

failurcs of future small earthfill dams is the inco

reservoir re

method for the .dclcfminnugn of an optimal location of the layer so as to minimize the

transient rescrvoir flow is simulated by & numerical model, based upon the solution of
the onc-dimensional St Venant unsteady open-channel flow cquations. These
equations are solved by the method of characteristics, with appropriste boun.
mulation model
is used to determine the reduction in reservior relcase due to a single retarding layer
and its optimal location for s wide range of pertinent gcometric, hydraulic' and

conditions incorporated into the solution procedure. The numerical

dynamic parameters.
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